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Summary. — In magnetized non-neutral plasmas, features like turbulence and
self-organization are observed as a consequence of the Kelvin-Helmholtz instability.
With respect to the case of a quiescent single-species distribution and axisymmetric,
static boundary conditions, the presence of multiple species and/or the application
of radio-frequency (RF) electric perturbations (conditions that may be either un-
wanted or intentionally pursued) can significantly affect the plasma dynamics and
equilibrium. This is the case when the plasma is generated via residual-gas ion-
ization by an external forcing: The interplay of phenomena occurring over different
time scales leads to a much more complicated evolution, characterized by the forma-
tion of coherent structures and non-axisymmetric final states showing unexpected
robustness properties against usual instabilities. The paper discusses the formation
of electron vortices reaching an off-axis equilibrium under the continuous application
of the RF drive and, through both indirect and direct measurement, shows that a
significant fraction of positive ions can be simultaneously confined together with the
electron plasma.
1. – Introduction
Magnetized non-neutral plasmas can be efficiently confined in electro-magnetostatic
traps, also called Penning or Penning-Malmberg traps, depending on whether the trap-
ping electrostatic potential is harmonic or flat-bottomed [1]. In these devices long-time
containment and ease of manipulation and detection, especially with respect to quasi-
neutral thermonuclear plasmas, allow experimental physicists to investigate in depth
features like turbulence and self-organization arising as a consequence of the diocotron
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(Kelvin-Helmholtz) instability [2-5]. In particular, initially quiescent single-species dis-
tributions are typically injected and let to evolve either freely or subjected to perturba-
tions, e.g., electric fields resonating with plasma modes. In such way it is possible to
influence the evolution of the sample, exciting instabilities or possibly suppressing them
to enhance the trapping efficiency [6-8] and actively control the plasma positioning and
density profile [9-11].
The dynamics and equilibrium properties of trapped samples can be drastically altered
when the assumption of a single species starting from axisymmetric initial distributions
is broken. For instance, this is the case when the plasma is generated via residual-gas
ionization by a suitable radio-frequency (RF) forcing [12]: The interplay of phenomena
occurring over different time scales, e.g., RF and diocotron oscillation periods, electron
heating, electron-neutral collisions, leads to a much more complicated evolution. In
particular, the creation of positive ions is expected to drive a bulk instability of the
electron plasma column [13,14], yet a balance is observed between the particle losses and
the continuous replenishment by RF-induced heating and ionization. With respect to
coherent structures found in pure electron plasmas, the equilibrium states reached under
the continuous application of such RF drives show new features including unexpected
robustness properties against usual instabilities and, in turn, enhanced lifetime [15].
The understanding and control of instabilities, and as a consequence the opportunity
to improve the confinement and possibly manipulate the dynamics of different co-trapped
species plays a fundamental role in some of the most challenging applications of Penning
traps, like low-uncertainty atomic and nuclear measurements [16, 17], antimatter pro-
duction [18-20], and two-fluid plasma states [21]. These issues are also relevant to other
quasi-neutral or partially neutralized systems characterized by E × B dynamics, e.g.,
thrusters [22], negative ion sources [23] or linear plasma devices [24].
In the following sect. 2 the set-up and the basic features of the RF plasma generation
are outlined. Section 3 deals with the analysis of a particularly interesting equilibrium
state, namely a single off-axis vortex whose oscillation may be frequency- and amplitude-
modulated. Since an assessment of the role played by positive ions is necessary to the
understanding of the overall plasma equilibrium, sect. 4 is devoted to experimental ob-
servations on the presence of ions, either transient or trapped in the confinement volume.
Instability measurements are performed to verify the existence and characterize the na-
ture of ion-driven instability growth, followed by a direct detection of trapped ions.
Finally, results and perspectives are summarized in sect. 5.
2. – Radio-frequency plasma generation
The device used in the experiments is a Penning-Malmberg trap made up of 12 elec-
trodes of radius RW = 45mm. All electrodes from C1 to C8 can be independently set to
voltages up to ±100V so that an axial electrostatic well with a flexible trapping length
up to about 1m can be obtained, while outer electrodes GND and SH are permanently
grounded. The stack, sketched in fig. 1, is enclosed in a vacuum chamber with a residual
gas pressure in the 10−9–10−8 mbar range surrounded by a solenoid providing a highly
uniform axial magnetic field of adjustable intensity B ≤ 0.2T. At such B field intensity,
electrons are highly magnetized, i.e. their cyclotron rotation radius and period are very
small and this motion can be neglected when compared to the axial oscillation and to
the even slower E × B transverse drift dynamics.
At the two ends of the stack a charge collector plate and a phosphor screen (biased to a
positive voltage Vph = 3−15 kV) can be used to measure the charge and axially-integrated
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Fig. 1. – Sketch of the trap electrode stack. An example of confining configuration is shown
where the electrodes C1 and C8 are set to negative potentials Vc and the RF drive is applied
to C7. All other electrodes are grounded. Electrodes S2, S4, S8 are azimuthally split into 2,
4, 8 patches, respectively. A charge collector plate and a phosphor screen (biased to a positive
accelerating voltage Vph) are placed at the stack ends.
density profile, respectively, of the plasma flowing out of the confinement volume upon
grounding of the respective endcaps. Diocotron modes can be non-destructively moni-
tored via amplification of the current signals induced by the plasma transverse motion
on the azimuthally-split electrodes S2, S4 and S8. Further details about the device and
typical experimental set-up can be found in previous works [25,26].
An electron plasma can be generated by setting two electrodes to a confining voltage,
generally −80 to −100V, and one of the intermediate electrodes to a RF sinusoidal
drive with 0.5–5 V amplitude and frequency in 1–30 MHz range. In a very simplified
view, the axial motion of an electron can be modelled with a one-dimensional iterative
map where the particle bounces in a square-bottom potential well perturbed by a square
oscillating barrier [12]. Similar map-based models have been studied in the context
of classical and quantum oscillators and have been applied to plasma heating in RF
discharges [27,28]. Depending on the initial conditions and map parameters, the particle
can exhibit both regular and chaotic orbits, with the latter being accessible for the
experimental conditions of the experiments presented here (geometry, RF parameters).
Free electrons in the residual gas are therefore subjected to stochastic energy jumps.
Pressures around the border of the ultra-high vacuum (UHV) range (10−9–10−8 mbar),
resulting in electron-neutral collision time scales of tens to hundreds of milliseconds,
guarantee that electrons will experience tens to hundreds of thousand axial bounces and
explore the entire chaotic region of the phase space, i.e. receive an average net energy
gain beyond the first ionization threshold of light gases, before collisions can dissipate
their kinetic energy. The continuous application of the RF drive results therefore in the
accumulation of an electron plasma in the confinement volume, which is detected within
hundreds of milliseconds and reaches a generation/loss balance within some seconds, after
which the total charge and density profile are stable. Axial energy measurements confirm
that the energy distribution functions show high-energy tails in the tens of eV [26],
making substantial ionization possible. After the RF drive is switched off, the electron
plasma thermalizes to temperatures of 1–2 eV. Systematic measurements aimed at the
characterization of the plasmas produced via RF excitation against the experimental
parameters are discussed in refs. [25,26].
While some free electrons are always present in the background gas and are often suf-
ficient to start the heating and ionization process, a small additional ionization favouring
the initiation of the discharge can be used in the form of UV light or high voltage on
any conductor in the vacuum chamber. The latter is actually unavoidable if optical
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Fig. 2. – Parametric dependence of confined plasma on the phosphor screen voltage Vph as a
function of the excitation frequency νRF . The total charge (top) and mean core density (bottom)
of the electron plasma is measured after 4.5 s of confinement and continuous application of a
1.5 V drive on the electrode adjacent to one of the endcaps. Trapping length 570 mm, B = 0.1 T.
diagnostics is required, as the phosphor screen must be set to a potential higher than
3 kV. A systematic study concerning the influence of the phosphor voltage on the gen-
eration of confined electron plasmas is summarized in fig. 2. The production of plasma
is evaluated at different RF excitation frequencies in the 0.1–20 MHz range, applying
a 1.5 V drive to the C7 electrode while confinement voltages of −80 V are imposed on
electrodes C4 and C8 for a time interval of 4.5 s (typically sufficient to reach a stable
configuration). The top diagram shows the total confined charge and the bottom dia-
gram the average density over the area of the image whose intensity is larger than half
of the peak value, i.e. a rough estimate of the plasma core density, which allows a fast
identification of high-density structures with respect to the more frequent diffuse, lower-
density plasmas. Curves obtained at Vph = 5, 7 and 9 kV show that an increase in the
phosphor voltage results in an extended range of frequencies where plasma production
is observed. Nevertheless, frequency bands exist where plasma is detected regardless of
the value of Vph, and the values of total charge and density are in rather good agreement
for all curves, with the exception of RF frequencies yielding high density peaks. This
indicates that the ionization due to the phosphor high voltage is helpful in initiating the
discharge, which results in easier production of appreciable confined plasma samples, al-
though it is small enough not to influence the successive accumulation of charge, so that
the same final equilibrium state is reached if the discharge is started. This consideration
will be reprised in the discussion concerning the ion-driven bulk instability in sect. 4.
3. – Stable and modulated off-axis equilibrium
The formation and accumulation of the electron plasma under the continuous ap-
plication of the RF drive can be followed by successive dumps on the phosphor screen
at increasing confinement times. Diffuse plasmas covering a large part or the entirety
of the trap cross section are most frequently observed, sometimes exhibiting density
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Fig. 3. – Formation of confined electron plasma. Electrons are dumped onto the phosphor screen
after increasing time intervals of confinement under the action of an RF drive until a stable
configuration is reached. Experimental parameters: 2.5 V quadrupolar RF drive at 12.7 MHz,
trapping length 900mm, B = 0.1 T.
inhomogeneities in the form of a denser core within a more diffuse background. The
core can exhibit low-order diocotron perturbations (elliptical or triangular shape) later
smeared out in the vorticity background. A more interesting phenomenon is the transition
to high-density structures occurring for specific sets of parameters (chosen empirically).
This is the case of the plasma formation sequence displayed in fig. 3. After the formation
of a diffuse plasma starting from the outer regions, where the higher RF field allows
for larger heating and ionization, and the accumulation of charge over the whole cross
section, the transverse distribution evolves towards an off-axis column with a final radius
Rp ≤ 0.2 · RW and peak number density of about 107 cm−3. Due to the displacement
from the axis the vortex displays a bulk E× B rotation, i.e. the so-called l = 1 diocotron
mode [29] with a frequency
(1) ν1 =
λp
4π2ε0BR2W
1
1 − (D/RW )2
which depends on the linear charge density λp = Qp/Lp (Qp and Lp being the plasma
charge and density), the magnetic field B, and the radial displacement D.
In freely-evolving off-axis columns, the first diocotron mode can be destabilized, e.g.,
by the presence of oppositely-charged particles or resistive-wall dissipation. The insta-
bility manifests as a growth of the mode amplitude, i.e. of the radial displacement,
ultimately leading to the loss of plasma on the trap electrodes’ wall. On the contrary,
the striking feature observed in RF-generation experiments is that as long as the RF
drive is applied, the l = 1 mode is stable, i.e. the rotation continues indefinitely at
constant displacement, and hence frequency. Occasionally, an amplitude and frequency
modulation of the l = 1 signal is detected, with typical modulation frequencies in the
1− 10Hz range. By the combination of electrostatic and optical diagnostics, this modu-
lation can be associated to a periodic variation of both radial displacement and charge of
the electron column. The oscillations of the two quantities along the modulation period
appear to be phase-shifted with respect to each other. More details about the observation
of this phenomenon are reported in ref. [15].
Due to the complexity of the system and the wide range of time scales involved in
the process, a unified description of the RF generation from the plasma formation to
the attainment of the equilibrium state is not available yet. Nonetheless a very basic
model which justifies the existence of a stable, or possibly modulated, equilibrium can
be drawn starting from the equation for the fluid (guiding-center) drift motion of the
column, v = E × B/B2, where v is the rotation velocity of the column, and the electric
field E acting on the column is the one from the image charge of the column contained
within the circular boundary (trap electrode), approximated as an infinitely thin rod of
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Fig. 4. – Oscillations of the electron column displacement D and linear charge density λ in
a guiding-center model. Parameters: B = 0.05 T, initial charge λ0 = 1 nC/m, production
coefficient α = 1.1 · 103 m−1s−1.
charge. In order to account for the diocotron instability a dissipation must be introduced;
to further simplify the problem, a viscous-like force can be used in the form dv/dt = −βv
(in a later stage, mechanism-specific, e.g. resistive or ion-induced, forms of dissipation
could be exploited). With these two equations, the mode amplitude D(t) would grow
until the plasma hits the wall. The critical ingredient is the hypothesis that the total
charge of the column can vary, and that the net variation of the charge depends on
the radial position of the column, i.e. dλp/dt = f(D)λ. This assumption is justified
on the basis of experimental observations. The vortex charge is the consequence of a
balance between continuous ionization and losses of particles. Axial electron losses are
detected as a continuous current of electron whose energy overcomes the endcap barrier.
Radial losses can also be present, but have not been measured yet. Both loss mechanisms
depend on the radial coordinate, but this dependence may be difficult to establish, both
experimentally and theoretically. Let us assume that a radial position D0 ∈ [0, RW ] exists
where the balance between losses and replenishment is zero and linearize f(D) around this
position, i.e. f(D) = α(D−D0). Numerical integration of this set of equations shows that
depending on the initial conditions, i.e. the plasma displacement and charge, both stable
and underdamped oscillating solutions can be found around an equilibrium configuration
(λp,eq,Deq). Figure 4 displays an example using realistic plasma parameters, with a
dissipation coefficient consistent with typical instability rates  1 s−1, and estimating
the magnitude of the production coefficient α from the measurement of the axial electron
current. Displacement and charge show a weakly-damped, phase-shifted oscillation with
a period just below 1Hz.
4. – Ion confinement and ion-driven diocotron instability
While for a single-species plasma the conservation of the canonical angular momentum
implies the conservation of the mean square radius of the plasma, thus ensuring radial
confinement, in the presence of a second sample the mean square radius is conserved only
globally. Therefore exchanges in angular momentum are possible between two species,
and growth of the mean radius of a positive ion fraction in the electron plasma will
destabilize the l = 1 electron bulk rotation.
Ions can drive the l = 1 instability via substantially different mechanisms, and their
relevance to the RF-generated plasma must be assessed. Concerning the transient ion
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resonance process [13, 30], due to ions crossing the confinement volume, calculations for
the typical parameters of dense vortices [31] predict linear growth rates below 10−3 s−1,
which would be masked by diffusion and are hence not detectable.
Another instability mechanism is based on the effect of ions trapped in the confinement
region. Although in principle axial confinement is possible only for electrons due to the
negative biasing of the endcaps, a nested-trap configuration can be created applying a
positive voltage to a pair of electrodes beyond the endcaps, so that ions can be confined.
A model was presented in ref. [14] relating the exchange in angular momentum to the
different axial oscillation lengths of electrons, confined between endcaps, and ions, whose
motion extends within the endcaps. The instability is characterized by an exponential
growth rate γ1 according to the expression
(2) γ1 =
Ni
Ne
ν1
[
1 − cos
(
2π
τend
τbnc
)]
,
where Ni and Ne are the numbers of trapped ions and electrons, respectively, ν1 the l = 1
mode frequency, τbnc the time spent by an ion to perform an axial oscillation and τend
the portion of such time spent in the endcap regions (forbidden to electrons). Previous
experiments reported in ref. [14] were performed in a nested double-trap configuration,
inducing some ionization by means of a RF burst exerted on a pre-loaded electron column
or by increasing the electron injection energy. Relative ion fractions Ni/Ne = 10−5–10−4
were estimated from the measurement of the instability growth.
Trapping of ions and the consequent destabilization of the bulk rotation are expected
to occur in the case of RF plasma generation, even in the absence of a double-trap
configuration. Indeed, a ground potential outside the electron endcaps is sufficient for
the negative space charge potential of the electron plasma to create an effective well
for positive particles with sufficiently low energy. Typical plasmas with densities of
106–107 cm−3 generate negative potentials of some volts, and ions created in the trapping
region by ionization with the residual gas will likely retain the average kinetic energies
of the gas at room temperature, i.e. tens of meV. The application of a RF drive for time
spans of seconds suggests the possibility of accumulation of positive ions, leading to more
consistent relative ion fractions.
A series of experiments was performed where the plasma was generated in a single-
trap configuration, using as endcaps the electrode C8 on one side and varying the length
of the endcap on the other side by biasing groups of electrodes, but maintaining the same
electron trapping length to alter only τend. After switching off the RF drive, an expo-
nential growth of the l = 1 mode was detected. Growth rates γ1 = 0.8–1.4 s−1, combined
with the measured ν1 and the times τend and τbnc estimated for ions experiencing the
axial electric field at the radial position of the plasma column, yield relative ion frac-
tions amounting to 10−2 and consistent with the functional dependence of eq. 2 within
the limits due to shot-to-shot fluctuations of the plasma charge, which give an error of
about ±10%. The experiments were repeated using Vph = 6 and 8 kV and showed no
appreciable dependence on the phosphor voltage, confirming the hypothesis that high-
energy transient ions produced by ionization in the phosphor vicinity and repelled by the
positive high voltage do not contribute significantly to the instability.
Considering the high ion fraction trapped in the confinement volume, a direct mea-
surement of the ion component was attempted. A diffuse plasma was created in order to
maximize the total electron charge and consequently also the absolute number of ions,
assuming a similar relative ion fraction could be attained. Once the equilibrium state
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was reached, the electron component was dumped onto the phosphor screen by ground-
ing the C8 endcap. After a waiting time of few milliseconds, sufficient to guarantee the
complete expulsion of electrons from the trap, the opposite endcap (S8 in this case) was
grounded and the adjacent electrode C4 was raised to a positive potential of 100V to
ensure that ions trapped in the endcap region would flow only towards the charge collec-
tor. The RC discharge signal measured by an oscilloscope cabled to the collector yielded
a positive charge of 8 pC, i.e. a fraction Ni/Ne = 2 · 10−2 with respect to the electron
plasma charge 0.4 nC. This preliminary measurement is qualitatively consistent with the
previous indirect measurement method and confirms the possibility to trap a significant
amount of positive ions.
5. – Conclusions and outlook
Some peculiar and original features appear when a magnetized non-neutral plasma is
generated within the trapping volume of a Penning-Malmberg trap by residual gas ion-
ization. Due to the particular experimental conditions, and specifically the combination
of a magneto-electrostatic confinement and the UHV regime, the generation and trapping
of an electron plasma are achieved simply exploiting a RF drive of modest amplitude,
i.e. without the injection of high RF powers common in high-pressure discharges. Due
to the presence of the RF drive, a balance between particle production and loss may be
established leading to a dynamical equilibrium state with a variety of transverse density
distributions. In particular, a stable and dense electron column with an l = 1 mode (bulk
rotation around the axis) may be observed. The existence of this configuration can be
qualitatively justified within a model of E × B (guiding center) dynamics as the effect
of diocotron mode instabilities inevitably present, e.g. due to the presence of positive
ions, interacting with a net balance between particle generation and losses influenced by
the spatial dependence of the static and RF electric fields. This equilibrium supports
the existence of a frequency and amplitude modulation of the l = 1 mode, associated
with phase-shifted, low-frequency oscillation of the plasma radial displacement and total
charge.
The determination of the fraction of trapped ions is also carried out, showing that the
positive particle fraction confined in the trap is the dominant instability mechanism for
dense electron columns. Through the measurement of instability growth rates, relative
ion fractions up to 10−2 are estimated. Trapping of such unprecedented ion fractions
is directly related to the RF generation mechanism. A scheme for direct measurement
of ions via separate ejection of the trapped plasma components is shown to confirm the
indirect estimates.
In perspective, further measurements concerning both electron losses as well as ion
trapping and loss dynamics are envisaged to give more quantitative indications in view
of model refinements. Furthermore, several features observed in RF-generated plasmas
suggest significant manipulation opportunities not present in single-species non-neutral
plasmas. For instance, a forthcoming paper will show how a resonant excitation of
the modulated equilibrium is an effective way to manipulate displacement and charge.
Another interesting option is the excitation and control of higher-order diocotron modes
occurring during the formation stage of the electron plasma. Finally, while so far the
focus has been on the properties of the electron plasma, trapping of large ion samples
will be investigated to explore their limitations in terms of total charge and lifetime and
the associated possibilities of active control.
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